Acoustic Emission Testing (AT) is one of the major non-destructive testing methods used for severity evaluation of structures. Amplitude distributions of AE signals are characterized by b-value and the value is mainly used for the severity evaluation of concrete structures until now. The value is assumed to be independent with propagation distance between acoustic emission sources to AE sensors. We evaluate the influence of the wide frequency band encountered in the fracture behavior of glass fiber reinforced plastic (GFRP) on the b-value analysis. In tensile tests, the b-value was determined from an acoustic emission (AE) source generated near a centered hole in a specimen of GFRP.
Introduction
Fiber reinforced plastics (FRPs) are becoming increasingly popular especially in industry because of their unique properties, such as excellent strength-to-weight ratio and the numerous possibilities with manufacturing components of complicated shape. The range of use is rapidly expanding into the aerospace, transport, and marine industries among others. The major drawback of FRPs is their susceptibility to impact damage [1] [2] [3] [4] . It is inevitable during the service time of FRP structures that they will be exposed to impacts from birds, flying debris, and other ballistic objects. FRPs can incur impact damage that may be barely visible including matrix cracking, de-bonding, delamination, and fiber fracture. Even though after impact there is no visible indication of low-energy impact damage on the FRP surface, four types of damage can have detrimental effect on the strength and stiffness of the mechanical and chemical structure [5] [6] . Therefore, to ensure the structural integrity of FRPs, they should be tested periodically during their service time. To date, researchers are still developing methods of evaluation to assess the structural integrity of FRPs.
The most advanced method of real-time non-destructive testing (NDT) of fracture behavior is acoustic-emission testing (AT). Traditionally, tests are based on the detection of dynamic surface motion caused by an elastic wave. AE signals are generated by a sudden release of elastically stored energy by a micro-crack and/or macro-crack during static or dynamic loading of an engineering structure [7] [8] [9] [10] . AT provides early warming and directs other NDT methods to problem areas for quantification. For this reason, AT is used as a real-time monitoring of structural health. The b-value analysis is one such method. The b-value varies with fracture evolution within the structure. Technically, in b-value analysis, a number of parameters are recorded from signals from which the damage state of the structure is determined. Using the b-value analysis, an effective damage assessment criterion is represented by the slope of the frequency distribution of the peak amplitudes from the micro-crack/macrocrack ratio [11] [12] . The b-value has been applied successfully to evaluate the development of fractures in a comprehensive structural integrity assessment of concrete and rock formation [13] [14] [15] [16] . The b-value analysis appears to be a perfect way to determine the severity of FRP structures. Furthermore, the analysis can be performed in real-time and thus enables the monitoring of damage in FRP structures using AE sources.
The amplitude of the peak voltage of a signal waveform is usually assigned. Instead of a linear scale, amplitudes are expressed on a decibel scale, where 1 μV at a sensor is defined as 0 dB AE . The amplitude is closely related to the magnitude of the source event. The magnitude of the amplitude in each signal has often been analyzed in relation with the frequency of the AE signal. The features of the AE signals are generally known to change with the type of fracture. Different fracture types in FRP materials generate different AE signals varying over a range of frequency and amplitude [7] [9] . Groot et al. [17] and Ramirez-Jimenez et al. [18] measured the AEs in load testing of a comprehensive series of carbon FRPs (CFRPs; 50 -550 kHz) and glass FRP (GFRP; 80 -520 kHz) and classified the detected AE signals based on their frequency spectra. Gutkin, et al. [19] [20] has studied the frequency distribution of AE signals recorded in several tests of various fiber stacking sequences of CFRPs using pattern recognition techniques (matrix cracking: 0 -50 kHz, de-bonding: 200 -300 kHz, delamination: 50 -100 kHz, fiber fracture: 400 -500 kHz). These results have a wider frequency band compared with materials such as Earth's crust, rock formations, and engineering concrete [11] [12] [13] [14] [15] .
The magnitude of AE peaks detected by a sensor is considerably lower than the magnitude that would have been observed near the source. This is due to wave attenuation, i.e., the lost energy of the wave through absorption and backscatter, and is described by the attenuation transfer function: ( ) ( In this study, we evaluate the influence of the wide frequency band accompanying the fracture behavior of a FRP in b-value analysis. In tensile tests, the b-value is calculated using an AE source generated near the center hole and three sensors at various locations to detect the propagating signals. In addition, the attenuation was measured using the results of tensile tests We then performed a numerical simulation using an AE source of 45 mm propagation length to determine the effect of an AE component on the b-value analysis.
Analysis of b-Value
By accumulating distribution data of the frequency and magnitude, the b-value can be calculated by applying the Gutenberg-Richter relation [13] . Widely used in earthquake seismology, this equation takes the empirical form
where M is the magnitude of an earthquake, n(M) the number of earthquakes of magnitude M, N(M) the total number larger than magnitude M, and a and b is empirical constants. As seen in Equation (2), the magnitude is proportional to the logarithm of the maximum amplitude (log 10 N). From Equations (1) and (2), the b-value is the negative gradient of the log-linear plot of AE events and magnitude and therefore it represents the slope of the amplitude distribution (see Figure 1 ). For the AE technique, the Gutenberg-Richer formula is modified to 10 log 20 Micro-cracks with small AE amplitudes yield high b-value whereas macro-cracks with large amplitudes produce relatively low values. When the level of damage of structures approaches final fracture, the fracture behavior changes from micro cracking to macro-cracking for which then b-value becomes small
Change of AE Parameter with Propagation Length
In general, the decrease in the amplitude of the AE signals in plates resulting from attenuation with propagation length r can be expressed as
Here, A 1 is the amplitude of the cylindrical waves at propagation distance r from the source and α the frequency of the wave. The amplitude at the source is denoted o A and 1 o A A is the attenuation ratio. The relationship between AE dB and propagation distance r is derived from Equation (4) [ ]
b-Value Distribution under Tensile Test
The first experiment chosen for the b-value is a test from a series of tensile tests of GFRP under axial load. The GFRP specimens used have dimension 220 L × 40 W × 2.5 of stress, specimens break near the centered hole. Therefore, four AE sources were evenly distributed around this area on the surface of the tensile specimens. During each test, AE signals larger than 40 dB AE were detected using a digitizer (Physical Acoustics, Type: PCI-2) at a sampling rate of 10 MHz per channel. Figure 3 shows amplitude of AE (Figure 3(a) ) and cumulative AE hits (Figure 3(b) ) during the test with time history of stress is over wrapped to the figure. As show in the Figure 3 , peak amplitude of AE and cumulative hits increased with stress. Figure 4 shows the distribution of the frequency centroid with different propagation length. The frequency centroid is calculated using the AE analysis software (Vallen system, Type: Visual AE), which employs the fast Fourier transform method. The frequency centroid is an important parameter for characterizing the frequency dependence of the attenuation. Here three bands of frequencies are evident from the tensile test data. The results of the frequency centroid distribution were grouped according to propagation length b-value with increasing stress, which are marked in the plots and displayed in Figure 5 . The b-value decreases on reaching 74% of the failure stress attaining a value of about 0.05. Thereafter, the b-value increases. However, its value falls rapidly when catastrophic failure occurs. The b-value is correctly even with the increase in GFRP stress. However, as seen in Figure 5 , the b-value variation with propagation length increases. The rate of change shown in sensor 3 (propagation length 45 mm, black line) is larger than that of sensor 2 (propagation length 30 mm, red dotted line). To investigate the cause of this change with increasing propagation length, the amplitude distribution of the AE with different fre-quency centroids was investigated.
In general, the frequency centroid of the AE signals generated from the AE source in engineering structures may vary over some range. The range becomes wider when assuming composite materials made of different materials like FRPs. The frequency dependence of the attenuation is shown in Figure 7 During tensile testing, we recorded AE signals with different frequency centroids, specifically, 237, 309, 348, 402 and 469 kHz, at sensor 1 (d = 15 mm). The AE source group velocity was determined based on the arrival times at sensors 1, 2 (d = 30 mm), and 3 (d = 45 mm). The AE signals have an amplitude of 3500 mV at d = 15 mm. All amplitudes decreased with increasing propagation length. Moreover, higher-frequency AE signals incur higher attenuation than those of lower frequency. To investigate the cause of the change in the amplitude distribution, the dependence of the attenuation with frequency centroid was investigated.
From the distribution of the frequency centroid (Figure 8 ), three frequency 
Numerical Simulations for Various Propagation-Length Settings
To investigate changes in b-value by the fractional contribution to AE in GFRP, numerical simulation was performed to estimate the b-value under changes in frequency centroid and propagation length. Materials undergoing failure produce a large number of AEs with various amplitudes and various frequencies. Figure 9(b) ). Through the reverse-design method, with the b-value becoming the experimental result, the frequency centroid at the source is then controlled (Figure 9(c) ). We confirmed the dominant frequencies for each fracture mode. The AE contribution from each fracture mode created in the GFRP was separated using band-pass frequency filters for the ranges 50 -320 kHz (source A, number of events: 2651), 320 -380 kHz (source B, number of events: 3041), and 380 -480 kHz (source C, number of events: 2866). Figure 10 (a) and Figure  10 (b) shows the propagation parameter in the simulation. From Figure 10(a) , the attenuation factors can be estimated based on the tensile test data (see Figure  7 , Equation (4)); they are 0.003, 0.012, 0.033, and 0.011 Np/mm, respectively. Hence the amplitude at the source which is given in dB AE decreases with increasing propagation length (Figure 10(b) ). We conducted the simulation subject to one of two conditions, one being that the AE source contains the same multiple frequencies of 170, 355, and 485 kHz and the other being that the AE source contains only a single frequency of 366 kHz. The attenuation of the AE signals was calculated using Equation (5). From these results, the change in b-value may be caused by a change in the contribution of each frequency component following propagation through the frequency dependence of the attenuation.
Conclusions
In this study, effect of propagation distance of AE in FRPs on b-value was investigated. The different failure mechanisms, matrix cracking, de-bonding, delami-nation, fiber fracture generate AEs with a different frequency range. We analyzed the b-value using three sensors with different propagation distance from AE source. Followings are summarized of this pager; 1) In FRPs, b-value is changed with propagation distance, not like concrete structures.
2) When the AE source contained a single frequency, component, the b-value does not change with propagation distance. In construct, when the AE source contained multiple frequencies, changes in b-value occur that may be caused frequency dependence of AE attenuation.
